Although the neutron (n) does not carry a total electric charge, its charge distribution represented in momentum space by the first electromagnetic form factor, F (n) 1 (q 2 ), leads to a spin independent electric potential. We calculate the first order electromagnetic corrections to the binding energy of a one neutron halo nucleus by evaluating the potential between the neutron and the charged core. Whereas a similar calculation for the neutron-proton system leads to a modest correction of less than 0.5% to the deuteron binding energy, in the case of halo nuclei, the corrections can be up to 12%, depending on the parametrization of the form factor. These large electromagnetic corrections to strong interaction physics can change our understanding of halo nuclei.
Introduction
Studying the sub-structures of nuclei and nucleons has been a field of continued interest in nuclear and particle physics. Recently, the availability of radioactive beams opened up the possibility to study the structure of unstable nuclei which in reality form the majority of all the known nuclei. Such experiments [1] revealed exotic structures and very different nuclear matter distributions as compared to the known stable nuclei. Among these exotics, the investigations of neutron rich nuclei whose spatial extensions are very large as compared to the range of the nuclear force, gained a lot of importance. These so-called "halo" nuclei consist of very loosely bound valence neutrons which according to quantum mechanics, tunnel to distances far from the remaining set of nucleons. Such nuclei can be viewed as a system of a "core" with normal nuclear density and a low density halo of one or more neutrons. Thus one expects that the neutrons in the halo do not experience the strong force due to individual nucleons in the core but rather interact with the core as a whole. Based on this understanding, many few body models have been constructed and elaborately refined over the past few years [2, 3] in order to explain a variety of experimental data. However, in spite of the fact that the halo nuclei have very low binding energies and that the halo resides far from the core, none of the theoretical investigations attempted to check for the possible role of electromagnetic interactions in these nuclei. It is well known by now that though the total charge of the neutron is zero, it does have structure and hence an electric charge distribution which can be measured in elastic electron-nucleon scattering experiments. The interest in this field was revived due to the new experimental results on the nucleon form factor from the Jefferson laboratory [4] . Considering the recent interest in nucleon form factors along with the experimental advances being made in halo nuclear studies, we found it timely to investigate the role of the neutron structure (electric form factor) in one neutron halo nuclei. In what follows, we shall derive an expression for the electromagnetic potential between the neutron and a charged particle and then apply it to determine the perturbative corrections to the binding energy of nuclei. We show that such corrections as applied to the case of a normal nucleus like deuteron, which can be considered as a neutron-proton bound system are indeed very small (0.5% or less depending on the form of the neutron form factor). However, in the case of the one-neutron halos, they range between 2 to 12% which is significantly larger than in the case of the deuteron.
The neutron electromagnetic potential
There exists a well known prescription for obtaining a potential from quantum field theory [5, 6] . The method consists of taking the Fourier transform of a non-relativistic scattering amplitude, say M N R , for a scattering process of the type AB → AB. Since the method is completely general, one can handle simple cases with an amplitude which corresponds to one or two particle exchange diagrams or consider more complicated cases where the amplitude needs to be calculated using higher order corrections in the perturbative Feynman-Dyson expansion. If the amplitude depends only on the magnitude of momentum transfer (Q) in the process, then the Fourier transform to obtain the potential, V (r), reduces to [7] :
Obviously, if M N R (Q 2 ) ∝ 1/Q 2 (non-relativistic propagator of a massless particle), the potential is proportional to 1/r. Some examples of exotic potentials derived from quantum field theory can be found in [6, 7, 8] .
The aim of the present work is to study the role of the neutron structure in neutron -charged particle interactions. Hence we shall be interested in obtaining an electromagnetic potential which describes the interaction between the charged particle and the neutron. To obtain this potential, we shall start with the scattering amplitude for the process n + A → n + A, where A can be any charged particle with charge Ze (with Z a positive integer). Such an amplitude is a one-photon exchange amplitude and can be expressed with a series of Feynman diagrams as shown in Fig. 1 . In this figure, we also show the case of the proton scattering from a charged particle for comparison. The leading order term in the case of the proton which is a charged particle (represented by a dot at the upper vertex in the first term on the right hand side) gives rise to the usual 1/r Coulomb potential. The proton sub-structure (shown by the blob at the upper vertex in the second term) appears only in next-to-leading order. However, in the case of the neutron whose total charge is zero, the leading term already contains the neutron's substructure. Mathematically, the complete spin-1/2 fermion vertex (fermion-photonfermion) is given as [9] :
where the sub-structure of the fermion is contained in the various form factors, F i (i = 1, 2, 3, 4). q µ is the four-momentum carried by the photon (q 2 = q µ q µ ), m f is the mass of fermion and the γ's are the usual Dirac matrices [10] . The four-momentum squared, q 2 = ω 2 − Q 2 (where ω is the energy and Q the three momentum), reduces in the non-relativistic limit (ω ∼ 0) to
The above four form factors appear in the expression for the cross section for electron-nucleon elastic scattering and the nucleon form factors are thus extracted from such scattering experiments. The first form factor, F 1 is connected to the charge distribution inside the nucleon and F 1 (0) = the total charge of the nucleon. The form factors F 2 , F 3 and F 4 are related to the anomalous magnetic moment, electric dipole and Zeldovich anapole moment, respectively. With the exception of F 1 (q 2 )γ µ , the other terms lead to a spin-dependent potential when inserted into the Fourier transform of the amplitude. Since we wish to evaluate the spin-independent potential, we shall be interested only in the reduced vertex,
In this case, the non-relativistic amplitude at leading order can be approximated as follows:
2.1 The electric charge form factor
The form factors F 1 and F 2 have been extracted from several experiments and parametrized in different forms in the past [11] . However, a discrepancy between the old results and new experiments which extract the two form factors through polarization measurements was recently reported [4] . It was found, however, that this discrepancy could be resolved by taking into account the two photon contribution [12] . Therefore we will make use in the following of the 'standard' parametrization of the form factors. Considering the renewed debate on the nucleon form factors, in the present work we shall also perform the calculations with different parametrizations available in the literature. The Sachs form factors G E and G M which appear in the expressions for the electron-nucleon elastic cross sections are related to the structure functions F 1 and F 2 . The neutron form factor F n 1 (q 2 ) is thus given as
where M is the mass of the nucleon and q 2 = ω 2 − Q 2 is the four momentum of the virtual photon as mentioned before. A large body of experiments starting from the sixties until now has been dedicated to the extraction of G n E (q 2 ) and G n M (q 2 ). Though the newer experiments have smaller statistical errors, there still exist uncertainties arising from the theoretical description of the deuteron. Hence, we shall use the following form for G n E (q 2 ) [13] with different sets of parameters 'a' and 'b' obtained in the literature:
where µ n is the neutron magnetic moment and G D (q 2 ) is the standard "dipole fit" which is generally used in summarizing the electron-nucleon elastic scattering data. With G D (q 2 ) defined as
it was observed that
where the magnetic moments µ p and µ n of the proton and neutron (in nuclear magneton) are 2.79 and -1.91, respectively. Using the above definitions of (5), we obtain the following non-relativistic expression (i.e. with q 2 ≃ − Q 2 ) for the form factor F n 1 (Q 2 ):
Replacing (9) in (4) and taking the Fourier transform as in (1), we obtain the spin-independent potential, V n (r), which describes the interaction between the structured neutron and a point charged particle and is given as
where
and
where κ = 2M/m, κ ′ = κ/ √ b and we use m 2 = 0.71 GeV 2 [11, 14] . It is this electromagnetic potential that we shall use in order to determine the corrections to the binding energy of nuclei.
In [14] , the neutron magnetic form factor was fitted with the form
and was shown to reproduce the existing data quite well. We shall also perform calculations using this form of G n M (Q 2 ). In this case however, we evaluate the potential V n (r) numerically and use it to evaluate the binding energy as explained in the next section.
Corrections to nuclear binding energies
As mentioned in the previous section, we shall be interested in evaluating the leading order corrections to the nuclear binding energies due to the neutron charge structure. Hence, we shall be considering the leading order diagram in Fig. 1 with the neutron blob at the upper vertex and a point charge at the lower one. We shall consider two cases, namely, the deuteron and the one-neutron halo nucleus 11 Be. The potential V n (r) as given in (10) would then correspond to the n − p interaction in the deuteron case [with Z = 1 in (10)] and the n − 10 Be interaction in the case of 11 Be (with Z = 4) as depicted in Fig. 2 . Using the potential (10), we evaluate the correction ∆E to the binding energy as
where Ψ is the wave function corresponding to the unperturbed Hamiltonian, H 0 (the total H = H 0 + V ).
The deuteron
In the deuteron case, we perform the calculation for the dominant s-state of the wave function obtained using the neutron-proton strong interaction. Since the potential, V n (r), depends only on the magnitude of r, the above equation reduces to the simple form:
where u(r) is the radial part of the deuteron wave function. We use a parametrization of this wave function using the Paris nucleon-nucleon potential as given in [15] . Since the Paris potential itself is written as a discrete superposition of Yukawa type terms, the wave function is parametrized in a similar way as:
The coefficients C j with dimensions of [fm −1/2 ] are listed in Table 1 of [15] and the masses m j are given as m j = α + (j − 1)m 0 , with m 0 = 1 fm −1 and α = 0.2316 fm −1 . Using the above form of u(r) and the analytic form of the potential in the dipole fit as in (10), the energy correction for the deuteron (13) can be given analytically as
The percentage corrections to the deuteron binding energy evaluated using the above formula for (∆E) deut are listed in the third column of Table  1 . The values listed in the fourth column are evaluated numerically using (13) for the magnetic form factor G n M . The first parameter set with a = 0 corresponds to the option G n E (Q 2 ) = 0. The second set with a = 1, b = 5.6 is the well-known Galster parametrization [16] . The values in the next two rows lie within error bars of the best fit values obtained in [13] , namely, a = 1.25 ± 0.13 and b = 18.3 ± 3.4. Finally the last two rows lie within the error bars of a = 0.94 and b = 10.4±0.6 which were obtained by constraining the slope of G n E to match the thermal neutron data [14] . One can see that the electromagnetic corrections to the deuteron binding of 2.22 MeV are quite small and can at the most be around 0.5% depending on the form factor of the neutron. In Fig. 1 , we plot the neutron-nucleus electromagnetic potential V n (r) along with the Paris wave function of the deuteron to show that the overlap of these two functions is very small and hence leads to very small corrections, ∆E, as seen in Table 1 . Nevertheless, the deuteron is a precision tool of nuclear physics, both experimentally (the binding energy is precisely known) and theoretically (as it is a two body problem). It is therefore clear that there is a need to know the neutron form factors to a better precision and for a larger range of the momentum transfers than what we know today. Figure 3: (a) The l = 0 radial wave function squared of the deuteron using the Paris potential and (b) the electromagnetic potential between the neutron and the proton evaluated using the dipole fit for the neutron form factors G n E and G n M with different sets of parameters a and b.
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The wave function for 11 Be is taken from a coupled channel calculation [2] performed for one neutron halo nuclei. A deformed Woods-Saxon potential for the neutron-core interaction is used to take into account the excitation of the 10 Be core. The coupling of the neutron to the 10 Be core gives rise to the three components, 2s 1/2 , 1d 3/2 and 1d 5/2 of the 11 Be wave function. The notation used is nl j with l and j being the orbital and total angular momenta, respectively. The normalization of the radial wave functions is such that [u(r)] 2 dr = 0.85, 0.02 and 0.13 for the 2s 1/2 , 1d 3/2 and 1d 5/2 waves, respectively. The total wave function for 11 Be as given in [2] is expressed as a sum over spins written in terms of the rotational matrices. However, the fact that V n (r) depends only on the magnitude of r and the orthogonality properties of the rotation matrices reduce the calculation to an incoherent sum of the energy corrections, (∆E) s 1/2 , (∆E) d 3/2 and (∆E) d 5/2 , with ∆E as given in (15) . The overlap of the d-waves with the potential is very small and the dominant contribution to ∆E comes from the s-wave. For example, using the parameters a = 1.25 and b = 18.3 in the neutron electric form factor G n E and the relation G n M (q 2 ) = µ n G D (q 2 ) for the magnetic form factor, we get, ∆E 2s 1/2 = −13.05 keV, ∆E 1d 3/2 = 0.047 keV and ∆E 1d 5/2 = 0.57 keV with the total correction being given by ∆E11 Be = −12.43 keV. In Table  2 , we list the percentage corrections to the 11 Be binding energy of 500 keV using two different parameterizations for G n M . In Fig. 4 the neutron-10 Be electromagnetic potential for one set of parameters, namely, a = 1.25 and b = 18.3 is shown along with the squared radial wave functions for 11 Be. One can see that the overlap of the d-waves with the potential is very small.
The larger corrections in the case of the 11 Be nucleus as compared to the deuteron are a result of three factors which we list below:
i. the strength of the potential is proportional to Z, i.e., the number of protons in the nucleus. For example, one can see that as r → 0, V n (r → 0)11 Be ≃ −5.5 MeV as compared to V n (r → 0) deut ≃ −1.5 MeV (with the parameters, a = 1.25 and b = 18.3).
ii. As can be seen in Figs 3 and 4 , the overlap u 2 (r) V n (r) which appears in the calculation of the correction (15) is always bigger in the case of 11 Be than in the case of the deuteron. iii. Finally, the binding energy of the one-neutron halo nucleus 11 Be is much smaller, ∼ 500 keV, as compared to the deuteron energy of 2.22 MeV.
Summary
To summarize the findings of the present work, we can say that we have adopted a fundamentally new approach to the problem of one-neutron halo nuclei. Given the low binding energies of the one-neutron halos and the fact that the valence neutron resides far from the remaining core, one could naturally ask the question, "does the electromagnetic interaction play some role apart from the strong interaction which is not so strong as in normal nuclei"? With the aim of answering the above question, we evaluated the leading order electromagnetic correction to the nuclear binding energy arising due to the charge distribution of the halo neutron. Though such a correction in the case of the normal nucleus, namely deuteron, is a modest 0.5% or even less, in the case of the one-neutron halo nucleus 11 Be, it can be up to 12% depending on the neutron form factor. This is an unusually large electromagnetic correction for a system which is bound by the strong interaction. The strength of the electromagnetic potential between the neutron and the core depends on the number of protons in the core and hence, such a correction in the case of the one-neutron halo 19 C would be even larger (more so due to the fact that the binding energy of 19 C can be even lower, ∼ 240 MeV) [17] . Since the corrections are so large, it is probably necessary to simultaneously consider the strong and electromagnetic potential while studying the structure of the halo nuclei.
All this also shows that we ought to know the electromagnetic form factors of the neutron more precisely.
